Catalytic antibodies can be generated for a wide variety of chemical reactions, from simple hydrolyses to nonbiological pericyclic processes (1, 2). The properties of these agents appear to correlate well with the structure of the haptenic transition state analog. However, relatively few of these systems have been investigated in a mechanistically rigorous fashion, and a complete understanding of the origins of the observed rate enhancements and selectivities will require detailed information about the interactions between a given antibody and its hapten and its cognate substrate. Such knowledge is likely to provide important insights into the roles of strain, proximity, and desolvation in catalysis and will also guide efforts directed toward optimizing the generally low efficiency of first-generation catalytic antibodies. In this paper we report an NMR study of the antibody 1F7 (3, 4), which catalyzes the stereoselective Claisen rearrangement ofchorismate into prephenate (reaction in Fig. 1 (1) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
transfion state analog confirm that preorganization takes place excluively at the antibody active site. These results thus provide strong physical evidence for a direct relationship between the properties ofa catalytic antibody and the structure of the tansition state analog orignally used to elicit the immune response.
Catalytic antibodies can be generated for a wide variety of chemical reactions, from simple hydrolyses to nonbiological pericyclic processes (1, 2) . The properties of these agents appear to correlate well with the structure of the haptenic transition state analog. However, relatively few of these systems have been investigated in a mechanistically rigorous fashion, and a complete understanding of the origins of the observed rate enhancements and selectivities will require detailed information about the interactions between a given antibody and its hapten and its cognate substrate. Such knowledge is likely to provide important insights into the roles of strain, proximity, and desolvation in catalysis and will also guide efforts directed toward optimizing the generally low efficiency of first-generation catalytic antibodies. In this paper we report an NMR study of the antibody 1F7 (3, 4) , which catalyzes the stereoselective Claisen rearrangement ofchorismate into prephenate (reaction in Fig. 1 ), a key step in the biosynthesis of aromatic amino acids in bacteria, fungi, and higher plants.
Enzymes have been frequently described as entropy traps (5, 6) . Utilization of binding energy to orient a substrate molecule in a reactive conformation or to bring two molecules together in the proper orientation for reaction represents an effective way to compensate for the entropy losses that may accompany a chemical transformation. For example, such orientational effects are believed to contribute to the 2 x 106-fold rate acceleration achieved by the enzyme chorismate mutase (EC 5.4.99.5) (7, 8) . The transition state for the rearrangement of chorismate has been shown to have a conformationally restricted diaxial chair-like geometry (1) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (9) , with carbon-oxygen bond cleavage preceding carboncarbon bond formation (10). NMR studies (11) show, however, that in aqueous solution chorismate exists predominantly in a pseudodiequatorial conformation (2) that does not position the enolpyruvyl side chain properly for rearrangement. A diaxial conformation is only 1.4 kcal*mol-1 higher in energy than the pseudodiequatorial form (11), but the extent to which the enolpyruvyl group lies over the cyclohexadienyl ring, as in conformer 3, is unknown. Chorismate mutase could substantially increase the probability ofrearrangement by selectively binding the pseudodiaxial conformer and by correctly orienting the enolpyruvyl side chain. The observation that the entropy of activation for the enzyme-catalyzed reaction is 12.9 cal mol-l K-1 more favorable than for the spontaneous reaction is consistent with this notion (8) . Fur spectral width of 10,000 Hz (128 transients each, 3-sec relaxation delays between experiments) and processed with a line broadening of 1 Hz. The middle and bottom difference NOE spectra were calculated from the difference between spectra acquired with a 1.5-sec weak preirradiation of the indicated protons and spectra acquired with off-resonance (7.5 ppm) preirradiation. The sample contained 9 mM chorismate in 2H20/PBS (pH 7.8).
The proton chemical shifts of chorismate are unchanged in the presence of the Fab' fragment of 1F7, although some line broadening is evident. The line broadening reflects the longer correlation time of bound versus free chorismate and provides assurance that the substrate forms a complex with the antibody under the experimental conditions. Upon preirradiation of Hf and Hg, the one-dimensional TRNOE single difference spectra shown in Fig. 3A are obtained. While the chemical shifts reflect the population of free chorismate, the TRNOE is dominated by the bound substrate, so that large, negative signals are expected. The TRNOEs in Fig. 3A (Fig. 3A) . If the antibody is preincubated with two equivalents of the racemic oxabicyclic hapten 4, catalysis is halted and none of these TRNOEs build up (Fig. 3B) . As only one of the hapten enantiomers is recognized by the antibody, the inhibitor experiment demonstrates that the observed effects result exclusively from substrate binding at the combining site induced by compound 4, rather than at secondary sites on the immunoglobulin surface. Because an appropriate reference proton pair was lacking, § §The choice of an appropriate reference proton pair for the determination of distances in a TRNOE study is contingent on the distance between the two protons and the dependence of this interproton distance on conformation. The geminal protons Hf and Hg are an obvious choice for a reference proton pair, since their interproton distance is invariant of conformation. However, the accurate interproton distances could not be calculated for bound chorismate from the experimental data. However, the pattern of TRNOEs seen in Fig. 3A At the high substrate and antibody concentrations used in these experiments, we also detected some nonspecific binding of chorismate to the antibody. Titration of the chorismateFab' complex with transition state analog4leads to an increase in the signal intensities for free chorismate as the substrate is chased from the active site, but more than two equivalents of the racemic transition state analog are needed to see the maximal signal. In addition, the negative TRNOE observed between Hf and Hg persists after preincubation ofthe antibody with two equivalents of racemic analog 4 (data not shown), in contrast to the behavior of the TRNOEs shown in Fig. 3 . Although chorismate apparently forms nonspecific complexes with 1F7, the lack of specific TRNOEs between the ring and side chain vinyl protons indicates that it adopts an extended conformation at these secondary binding sites that does not favor pericyclic rearrangement.
In summary, our results illustrate the extent to which a conformationally constrained hapten molecule has influenced the substrate-binding properties of an antibody it elicited. Given the importance of charge complementarity in other antibody-ligand complexes, positively charged residues such as arginine or protonated lysine elicited by the hapten carboxylate groups probably play an important role in binding the substrate carboxylates and orienting the enolpyruvyl side chain relative to the cyclohexadienyl ring. It is worth noting that the observation of a significant population ofthe reactive diaxial conformation ofchorismate at the 1F7 active site is at odds with a simplistic interpretation of the activation parameters determined for this catalyst. Thus, the unfavorable ASt value compared to the uncatalyzed reaction cannot be explained simply by a ratedetermining reorganization of the substrate in the binding pocket. Instead, other factors, perhaps desolvation of the substrate and/or binding site or conformational changes associated with the antibody, must be invoked. To the extent that the enolpyruvyl group retains some flexibility at the antibody active site, as suggested by the nonspecific TRNOEs in Fig. 3A , the efficiency of the catalyst will be compromised. Optimization ofthis primitive enzyme through random mutagenesis and genetic selection (27) may allow variants to be identified that further restrict the orientation of the side chain through additional steric or electrostatic interactions.
These experiments have provided direct evidence that a catalytic antibody is able to exploit binding energy to preorganize its flexible substrate into a conformation, dictated by the structure of the original hapten, that is suitable for reaction. Studies on related antibodies that bind the transition state analog 4 but do not catalyze the chorismate rearrangement (3) may enhance our understanding of the basic requirements for efficient catalysis of this transformation. More generally, we anticipate that substrate preorganization is likely to emerge as a general and powerful strategy for catalyzing a wide range of chemical transformations with antibodies.
